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ABSTRACT

Measurements were made of the unsteady heat transfer to a wall during the
quenching of premixed, methane-air flames. One dimensional laminar flames were
produced in a constant volume chamber and the heat transfer into the quenching sur-
face was measured by means of a platinum thin film resistance thermometer. The
experiments were performed at pressures near almospheric over a range of
equivalence ratios from 0.7 to 1.2. Predictions of the heat transfer were made with two
numerical finite difference models, one with detailed kinetics and the other with single
step kinetics.

The main experimental results are: 1) the data are successfully correlated using
the heat release rate of the flame prior to quenching: 2) the maximum heat flux is
related to the quenching distance and thus it may be possible to use measurements of
the quenching distance to predict the maximum heat flux.
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A comparison of the experimental results and the numerical calculations revealed
that: 1) A single step reaction model predicts the heat transfer as well as a detailed
kinetics model, to within 15% of the experimental results; 2) thermal diffusion and the

chemical reaction rate of combustion are the dominant processes which determine the

heat flux during quenching.
1 INTRODUCTION

The unsteady heat transfer to the walls of a combustion chamber depends upon
many factors, many of which are not well understood. In practical devices, such as
internal combustion engines, several compiicated- and closely coupled pfocesses occur
simultaneously. For example, the flow is turbulent, b‘oundary conditions are unsteady.
the quality of the fuel can vary, and radiation can be significant. In an attempt to
obtain a basic understanding of these phenomena, many of them have been studied
separately(!®), The purpose of this work was ‘vt.o obtain measurements and develop
models to predict the unsteady hea£ transfer during flame-wall interactions (flame
quenching). Specifically, the uns@e_ady interaction of laminar, premixed, methane-air
flames in stagnating flows were studiéd as they approached a cold wall. Thin fllm resis-
tance thermometers were used to determine the unsteady heat flux.

The heat transfer during flame quenching has been determined in many different
systems, such as: detonation tubes(a); shock tubes®); constant volume combustion
chambers®?: and internal combustion engines®9. Modeling of the heat transfer is
difficult for most of these casés. and as the complexity of the sy.stem increases, the
models become inqreasingly empirical. It is shown in this study that the heat transfer
in a constant volume chamber may be predicted by solving the basic conservation

equations with experimentally determined kinetics parameters.

A review of heat transfer studies in systems with combustion may be found in ref.

w
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2 FXPERIMENTAL SYSTEM
The experiments were performed in a constant volume combustion chamber (Fig.

1). The chamber was designed specifically for these experiments, with the flexibility for

use as a general purpose, low pressure container with good accessibility to its interior.

The combustion chamber were constructed from 5/8" thick, type 303 stainless
steel seamless tubing The interior of the container has the shape of two 3.50 inch
diameter cylinders 7 inches long, intersecting at right angles. Along the third axis,
instrumentation ports were provided on the top and bottom of the container. Two
additional ports on the off optical axis provide for the introduction of fresh reactants,
and the exhausting of burnt gases.

The oxidizer (air) and fuel (99.98% pure methane) are obtained from high pressure
bottles, and individually flow through rotameters before being mixed at approximately
8 psi.

The gas flow rates while the chamber was being charged was monitored by rotame-
ters (Matheson), and were adjusted by needle valves. The rotameters were calibrated
by the soap bubble method. This method of calibration gave an uncertainty in the
equivalence ratio of approximately 2%.

Ignition of the unburnt gases was accomplished by means of an 8 kilovolt, 200 mil-
lijoule discharge across a .035 inch gap between 0.020 inch tungsten electrodes. The
electrodes are mounted in the chamber through one of the 4 inch ports that are off of
the optical axis. A plexiglass insert with compression fittings provides a convenient
way of adjusting the electrode gap and position in the chamber.

Three measurements are made during an experimental run: the chamber pres-
sure, the wall heat flux at one location, and schlieren or shadowgraph photography. A

schematic of the experimental setup is shown is Fig. 2.



The pressure in the chamber was measured at the bottom instrumentation port.
.The output of the pressure transducer, which was of the piezioelectric type (AVL model
12QP300cvk), was passed through a charge amplifier (Kistler model 566) and was

recorded on an oscilloscope.

The wall heat flux was determined from measurements made with thin film resis-
tance thermometers on a ceramic base. The gauge was mounted flush in a metal
fixture, which was in turn mounted in the chamber. Leads from the thin film pass
through the ceramic base to a bridge amplifier, and the output was recorded on an
oscilloscope.

The thermal properties of the substratum are known from the manufacturer
(Corning Glass Works). Thus the primary step in the calibration procedure was the
determination of the output of the thin film and associated electronics as a function of

the temperature of the thin film.

The temperature sensor - amplifier combination was caliBrated quasi-steadily in
an oven. A thermocouple embedded in the ceramic gave an absolute measure of the
temperature, which was then compared to the bridge amplifier output. The calibration
determiﬁed in this manner was linear to within three percent over the temperature

range encountered in the experiments (25 to 75 C).

Optical measurements were obtained from either schlieren or shadowgraph pho-
tography, made by use of the standard Z éonﬁguration schlieren. The light source was
a delayed microsecond spark light for stills, and a continuous source for use with a
5000 frame per second movie camera (Hycam mod’el 41-0004). An aperture and razor
edge were both tried for the échlieren pictures. Dﬁe to the threé dimensional struc-
ture of the flame, the aperture Qorked best for eﬁ overall view of t.h‘e flame.

As discussed above, the output of the thin film gauge and the pressure transducer
were recorded on an oscilloscope. The oscilloscope traces were then digitized using a

model 4662 Tektronics plotter driven by a PDP 11/34 computer. The appropriate calj-
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bration constants were then applied and linear interpolation was used between data
points which were evenly spaced in time. The wall heat flux was then determined from
the Duhammel Integral resulting from Lhe unsteady heat transfer problem in the
solid®11), The data from 3 - 10 runs were averaged to give the results presented in sec-
tion 3. In all cases the run to run variation in the data produced an error in the heat

flux that was only 5% of the value of the maximum heat flux.

3 EXPERIMENTAL RESULTS

The experimental results from this study are the unsteady wall heat fluxes during
the quenching of a planar, laminar methane-air flamme. Data were obtained at pres-
sures near atmospheric for equivalence ratios varying from ¢ = 0.70 to ¢ = 1.20 (cf.
Table I).

The experimental data were nondimensionalized (Fig. 3) based on the properties
of a flame propagating into a gas at a pressure of p, and an unburnt gas temperature
of T,. (defined in section 4) that is, for the conditions of the bulk unburnt gas at the
time that quenching occurs. For methane-air flames, the Lewis number is near one,
and the time and heat flux can be scaled by the thermal properties of a freely pro-
pagating flame, The characteristic time is given by the flame speed and thermal

diffusivity according to:

|«
tc - [Suz]pq.Tu : (1)

The characteristic heat flux is given by the heat release rate in an undisturbed flame:
qc = (pSucpATf)pv.Tu : (2)
Sy, is the laminar flame speed, p the density, and ¢, the specific heat of the gas. The
values of ¢, and g, for methane-air, calculated from Egs. (1) and (2), are given in Table
1. Values of the thermal properties are taken from ref. 12 and the flame properties

from ref 13.
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The dimensionless lll'leat flux variation is presented in Fig. 3. It is seen that the
data are successfully c':‘orrlellated using £; and g, over the range 0.70 <y < '1.20. In par-
ticular, note the largé .vvar,.iation of the dimensional maximum value of the heat flux
gwmax (Table 1) in c’ontra.st' to the small variation in @y max” 9c.- The maximum heat flux
is attained at an equivalenée ratio of 1.1, which is consistent with the maximum value
of the heat release gq..

Unlike experiments involving more complex geometries®), all bf the results in the
constant voluvme cell show similar trends. The wall heat flux increases slowly untii the
flame reaches the vicinity of the wall where the heat flux gauge was located. The wall
beat flux then increases rapidly to a maximum value, after which the flux falls as the
inverse square root of the time. l-ﬁ order to characterize the shape of the curves, the
interval of time, &g, reqﬁired for f.he heat flux to increase from 50% of the maximum
heat flux to the maximum heat flux will be used. These time intervals and the values of

the maximum heat flux for all of the conditions are listed in Table I.

INTERPRETATION OF RESULTS

It is helpful to utilize some results from the numerical calculations (which are
presented bélow) to aid in the interpretation of the experimental results. In Fig. 4,
some pertinent information is presented. The top curve shows the distance from the
flame to the wall as a function of time. The two curves on t;he bottom half of the figure
show the variation of the total chemical he'at‘ release and the wall heat flux on the
same time scale.

Initially, the flame speed and heat release in the flame are not aﬂ'ectedv by the
wall, even though the wall heat flux (which is small) rises at an increasing rate. As the
wall heat flux increases, the effect of t.he wall on the flame propagation also increases.
Eventually, the flame begins to decelerate, and the heat release in the flame starts to

drop. During this time, the wall heat flux is increasing almost linearly with time.




The flame ultimately reaches a position where the heat losses are so great that it
can no longer move further. The flame then remains stationary while fuel near the
wall diffuses towards the flarme. The wall heat flux reaches a maximum value and then
decreases as the last of the fuel is consumed. This interpretation is supported by both

the experimental results of Fig. 3, and the photographic evidence, ref. 10.

4 NUMERICAL RESULTS

Two models of the quenching process were used to predict the unsteady heat
transfer. These were imth finite difference models!!), one with detailed kinetics(19),
and the other with global, single step kinetics(!), In each of the models, the conserva-
tion equations governing reactive-diffusive gas mixtures were used, with the assump-
tions that species diflusion was dominated by concentration gradients, and that radia-
tive heat transfer is not important.

The conditions in the experiment were modeled by considering the interaction of
a steady laminar flame with an impervious wall of very large heat capacity. The rate of
increase of the pressure in the experiment was small, and so the pressure was taken to
be constant. This was accomplished by considering the gas to be of semi-infinite

extent, bounded only by the wall at which quenching occurs.

In the calculations, the constant value of the pressure was chosen to be the value
at the time of quenching, p,. The unburnt gas far in front of the flame is taken to be
adiabatically compressed from the inital conditions (T =7, P = P,) to the tempera-
ture 7, = 7,(py/ p,)?"'/ 7. where 7 the ratio of specific heats (cp/ cy). The wall tem-
perature is also taken to be equal to the value 7,,. In general, the wall temperature is a
function of the thermal properties of the wall and the wall heat Alux. For experiments
in constant volume combustion chambers, the wall temperature before quenching will
be between the initial wall temperature, 7,, and T,. Thus a thermal boundary layer

will exist at the wall. I'or pressures near the initial pressure, such as those under con-
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sideration, the boundary layer is weak and does not significantly affect the heat

transfer. However, at higher pressures, the effect of the thermal boundary layer on

the heat flux can be appreciable!!?).

DETAILED KINETICS VS. SINGLE STEP KINETICS MODELS

Calculations were performed for methane-air flame quenching using two models
for the kinetics. One utilized 86 chemical reactions and is denoted as the detailed
kinetics model(1%). The other model used a single step, global reaction, where the reac-
tion rate constants were chosed to produce good agreement with experimental values
of the flame speed and Aame temperature(!®). The two predictions for the heat flux
differed by less than 10% of the maximum heat flux. Because the single step model
requires much less computer time than the detailed model, {and gives good agreement

with the detailed model), single step kinetics was chosen for all of the subsequent cal-

culations.

Using the single step kinetics model, the effect of equivalence ratio on the heat
transfer was studied. These results are summarized in Table ! and in Fig. 5. It is seen
that the results for all equivalence ratios are brought together by using the parame-

ters of section 3. These results are similar to the results of Kurkov(!”), who also used a

single step reaction.

5 COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

The ranges of both the experirnental data for the heat flux (Fig. 3) and numerical
results (Fig. 5) are shown in Fig. 8. The agreement between the results is good, with
the single step kinetics model predicting the heat flux over the equivalence ratio range
from 0.70 to 1.20. The kinetics parameters in the single step model were determined
by requiring the model to reproduce experimental values of the flame speed and tem-
perature. From the agreement between the experiment and model, we may infer that

these are also important quantities in determining the heat transfer during the



unsteady quenching of the flame.

COMPARISON WITH OTHER EXPERIMENTS :

Unsteady heat transfer measurementsl during flame quenching have been made
under a variety of con'eitions (ct. Introduction). Measurements of the steady state heat
transfer from one dimensional porous burner l;utene ﬂames have been made by Yemu
zaki & lkm(“) who successfully modeled the heat trensfer using a thermal model of

flame propagetlon Their results for the heat transfer rate, 9,/ ¢;, are from’ 5 o+ 10

times leee than the values whleh were measured in the present study 1t1s notod lhlt o

the porous burner hu well blowing which reduces the hest transfer to values tuilhm
the impermenble wall’ results |

The study of Isshiki and Nishiwaki )13 pertinent to the present work They

carried out unsteady heat transfbr measurements w1th H2-02 f1ames In addition, they

utilized a simplified thermel model ol‘ ﬂeme propegatnon to obtain’ the followlng ruult
for the maximum heat flux: -
where t, is the total time required for quenchmg as determmed from wall tempera-
ture measurementst 'I'he value tor t, was obtelned from measurements of the {vari-
able) wall temperature The agreement between thexr expenmental values of the mu—ir "‘
imum heat ﬂux and the maxlmum value from Eq (3) was quite good.

In order to simplify the companson of the work of lSShlkl & lehankx vnth the
present study. the cherectenstxc heat ﬂux (q.,) nnd the charectenstlc tlme (t ) nre |

substxtuted mto Eq (3) along mth the experlmentelly determmed relatlonshlp "

—

t The time £, is not to be eonfused with t » defined in section 3, which is the time required
for the heat flux to rise from 50% to 1002 of its maximum ve]ue From the present experi-
I _mntel dau. t, L 2t (Bg 4). , ,

t, m2¢,, to give:
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The wall temperature, 7,,, is approximately equal to the initial temperature, T,, so k, =

ky.Cpo = Cpu, and p, = (P,/ Py )Pw . Thus the above equation reduces to
%
Qumax [t [T _12[ _
7 [tcr_{ﬁ] X 0.80 (4)
For the present experiments, we have that (cf. Table I):
t
Fumex) 9| =957+ 10% . (5)
9c |l

The agrecement between the results of this experiment (Eq. (5)) and the results of
Isshiki & Nishiwaki (Eq. (4)) is quite good. Isshiki & Nishiwaki showed that Eq. (4) suc-
cessfully correlated the maximum heat flux. The results of this work have been shown
to reduce to the result of Isshiki & Nishiwaki (Eq. (5)), and more importantly also pro-
vide a basis for correlating the quenching time and the hgat flux independently.

Specifically, from Table 1, 9y, max/ §c N const ¥ 0.4, and £,/ t, = const ™ 2.0.

THE RELATIONSHIP OF THE HEAT FLUX TO THE QUENCHING DISTANCE

The maximum wall heat flux during quenching is related to the closest approach
of the flame to the wall, and thus correlations of this quenching distance may be useful

1n predicting the maximurmn heat flux. A length scale for quenching may be defined as:

AT, k
by = e ' (6)

Jw max
where AT, is the Lhe temperature diflerence across the flame, and k,, is the thermal
conductivity of the fuel air mixlure al the wall. The length d7 is related to the tem-
perature profile in the gas during quenching, and thus is also related to the quenching
distance as measured by other techniques.

From both experimental and theoretical quenching studies, it has been shown

that the Peclet number for the quenching distancett, is a constant, or at most a func-

tion of the gas kinetics(1917.1020) The Peclet number for quenching, based on the pro-

tt The Peclet number is given by Pe = LS/a. where L is u length scale. S is the fluid speed,
and @ is the thermal diffusivity of the pas.
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'v perlies of the unt;uvrnt gas is:

re

9. Ky

= -£—c A D e————— | .
Peu Pu&; rku 61 -~ Quwmex ku o : (7)

From the experimental results for gy mas/.gc (cf. Table 1);"and ky/ ky & (7,7 T,)0881
~ (ref. 10) we havettt

Pe, =24%10% . . (8)

Another result for the Peclet nﬁmber may be obtained from the numéricel result

for gumax/ 9c using single step kinetics (cf. Table 1). Recall that the calculations used

T,, = T,. so that k,, = k,. Thus we obtain:

Pe,=25%12% . )

The' nondimensional maximum beat flux during. unsteady flame quenching has.
"been shown td be related to the Peclet number for quenching (Eq. (7). Therefore we_

have that the experimental results and the thumerical results both predict the same

value for the Peclet number. This is consistant with the results of quenchi_r'lg;distanbe

‘studies, which predict small variations in the Peclet number(19), -

6.CONCLUSIONS AND RECOMMENDATIONS
EXPERIMENTAL RESULTS T

Measurements have been made of the heat transfer to a wall during the quenching

of a premixed, methane-air flame. The geometry of t.He interaction of the flame with. .

the wall was essentially one diménsi’ohal,"ahd‘-‘the flame was laminar prior to quench-
ing. The e'xper;iment'é were performed at hearly atmbspheric pressure over a range of
equivalence ratios from 0.7 to 12 .

1) The data were su.éc'ess‘"fﬁHy correlated using the heat release rate in a steady, lam-

inar Aame. This incorporated the effects of the equivalence ratio.

t1t [n the cxperiments, k,, / k,, was nearly constant, vérying from 1.03 to 1.05.

Sl
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2) There is a very strong connection between the experimental maximum heat flux
and the experimental values of the quenching distance. It may be possible to use
these results in conjunction with measurements of the quenching distance for

other fuels to infer the corresponding heat fluxes.

EXPERIMENTAL AND NUMERICAL RESULTS

For the range of experimental conditions covered, a comparison of the experimen-
tal results and the numerical calculations yields the following:

1) A one dimensional finite diflerence model with single step Arrhenius kinetics
predicts the heat transfer to an accuracy of +157%.

2) A comparison of the results of the numerical models with the experimental
results indicates that the thermal diffusivity ,the flame speed, and the flame tem-
perature are of primary importance in determining the heat flux during quench-
ing.

3) The reaction rate parameters in the single step model may be determined by
matching the numerical and experimental values of the flame speed and tempera-
ture. Thus the model may prove useful in determing the heat transfer in condi-
tions and mixtures whose flame speed and temperature have been experimentally

determined.
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Fig. 1 Photograph of the constant volume combustion chamber.

_91_



-17 -

00

wife] 7

/. Prere
2~ Tronsduter

Window

Circuit

Power

Supply

Fig. 2 Schematic of the experiment.
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Fig. 3 Experimental results - wall heat flux vs. time.
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Fig. 4 Calculated heat release, wall heat flux and flame positibn.
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Fig. 5 Numerical results, single step kinetics - wall heat flux vs. time.
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